State-of-the-art NMR spectrometers using superconducting magnets have enabled, with their ultrafine spectral resolution, the determination of the structure of large molecules such as proteins, which is one of the most profound applications of modern NMR spectroscopy. Many chemical and biotechnological applications, however, involve only small-to-medium size molecules, for which the ultrafine resolution of the bulky, expensive, and high-maintenance NMR spectrometers is not required. For these applications, there is a critical need for portable, affordable, and low-maintenance NMR spectrometers to enable in-field, on-demand, or online applications (e.g., quality control, chemical reaction monitoring) and co-use of NMR with other analytical methods (e.g., chromatography, electrophoresis). As a critical step toward NMR spectrometer miniaturization, small permanent magnets with high field homogeneity have been developed. In contrast, NMR spectrometer electronics capable of modern multidimensional spectroscopy have thus far remained bulky. Complementing the magnet miniaturization, here we integrate the NMR spectrometer electronics into 4-mm 2 silicon chips. Furthermore, we perform various multidimensional NMR spectroscopies by operating these spectrometer electronics chips together with a compact permanent magnet. This combination of the spectrometer-electronics-on-a-chip with a permanent magnet represents a useful step toward miniaturization of the overall NMR spectrometer into a portable platform. N MR spectroscopy has been celebrated for its ability to probe molecular structures and dynamics with the atomic resolution (1-9). State-of-the-art NMR spectrometers use large superconducting magnets, whose high and uniform magnetic fields lead to the fine spectral resolution necessary for interrogating large molecules such as proteins. In fact, the structural study of large molecules is one of the most profound applications of modern NMR spectroscopy.
State-of-the-art NMR spectrometers using superconducting magnets have enabled, with their ultrafine spectral resolution, the determination of the structure of large molecules such as proteins, which is one of the most profound applications of modern NMR spectroscopy. Many chemical and biotechnological applications, however, involve only small-to-medium size molecules, for which the ultrafine resolution of the bulky, expensive, and high-maintenance NMR spectrometers is not required. For these applications, there is a critical need for portable, affordable, and low-maintenance NMR spectrometers to enable in-field, on-demand, or online applications (e.g., quality control, chemical reaction monitoring) and co-use of NMR with other analytical methods (e.g., chromatography, electrophoresis). As a critical step toward NMR spectrometer miniaturization, small permanent magnets with high field homogeneity have been developed. In contrast, NMR spectrometer electronics capable of modern multidimensional spectroscopy have thus far remained bulky. Complementing the magnet miniaturization, here we integrate the NMR spectrometer electronics into 4-mm 2 silicon chips. Furthermore, we perform various multidimensional NMR spectroscopies by operating these spectrometer electronics chips together with a compact permanent magnet. This combination of the spectrometer-electronics-on-a-chip with a permanent magnet represents a useful step toward miniaturization of the overall NMR spectrometer into a portable platform. N MR spectroscopy has been celebrated for its ability to probe molecular structures and dynamics with the atomic resolution (1) (2) (3) (4) (5) (6) (7) (8) (9) . State-of-the-art NMR spectrometers use large superconducting magnets, whose high and uniform magnetic fields lead to the fine spectral resolution necessary for interrogating large molecules such as proteins. In fact, the structural study of large molecules is one of the most profound applications of modern NMR spectroscopy.
However, the spectral resolution of the bulky, expensive, and high-maintenance NMR spectrometers is not necessary for a broad array of studies involving small-to-medium size molecules in chemistry, chemical engineering, and biotechnology (10, 11) . In this case, portable, affordable, and low-maintenance NMR spectrometers built with a permanent magnet can make the benefits of NMR spectroscopy more broadly available and enable new applications. Bulky superconducting systems have to be permanently placed in dedicated laboratories, but portable systems can enable in-field, on-demand, or online applications such as quality control and chemical reaction monitoring (4) , and can greatly facilitate co-use of NMR spectroscopy with other analytical methods such as liquid chromatography (12) and capillary electrophoresis (13) . Thus, much effort has been devoted to miniaturizing NMR spectrometers, leading to the critical development of small permanent magnets with high field homogeneity (10, 14, 15) .
Complementing this advance in magnet miniaturization, here we integrate the spectrometer electronics-which is another essential, and traditionally bulky, component of the NMR spectrometerinto a 4-mm 2 silicon chip (Fig. 1) . Moreover, to demonstrate the overall system miniaturization for portability, we operate these chips with a compact 0.51-T permanent magnet (Fig. 1) , performing various two-dimensional (2D) spectroscopies-correlation spectroscopy (COSY), J-resolved spectroscopy, and heteronuclear single/multiple-quantum coherence (HSQC/HMQC) spectroscopyas well as one-dimensional (1D) spectroscopy and relaxometry.
Various organic, biological, and drug compound molecules are used as demonstrational samples.
Although semiconductor technology and NMR science have remained largely orthogonal, a few foundational works reported silicon chips realizing some aspects of NMR electronics before the present study (16) (17) (18) (19) (20) . Despite the vision and tour de force design, however, none of these earlier chips explored modern multidimensional spectroscopy. In refs. 16, 17, the chip design focus was not on spectroscopy, but on relaxometry, with a dedicated integrated Carr-Purcell-Meiboom-Gill (CPMG) pulse sequencer to achieve overall relaxometry system miniaturization with permanent magnets. The chips in refs. 18-20 performed spectroscopy but limited to 1D and with external pulse sequencers (and with external transmitters in refs. 18, 19) , and they were operated with superconducting magnets, and thus were far from portable. Significantly building upon these prior works, we integrate at a large scale a radio-frequency (RF) transmitter, an RF receiver, and an arbitrary pulse sequencer into our spectrometer electronics chip so that it can perform a far more diverse set of NMR experiments, including 2D spectroscopy, in an integrated manner. In addition, our overall system is the first portable NMR spectroscopy platform to our knowledge that combines permanent magnets and spectrometer electronics chips. In view of this, the present work is a step forward in utilizing semiconductor technology for portable NMR spectroscopy.
In addition to these main contributions, our portable system incorporates two other features to cope with ambient temperature variations, which are relevant to portable applications. First, the spectrometer electronics chips are designed to operate over a wide temperature range (room temperature to 165°C). Second, a signalprocessing method based on statistical estimation/inference-which
Significance
The strong application-driven need for portable NMR spectrometers has led to development of spectroscopy-grade permanent magnets. In contrast, NMR spectrometer electronics capable of modern multidimensional spectroscopy remain bulky. Here, we report on 4-mm 2 silicon spectrometer electronics chips, and perform various multidimensional NMR spectroscopies by using these chips with a permanent magnet. This combination of semiconductor technology and advanced permanent magnet technology is a step toward portable NMR spectrometers, which can enable in-field, on-demand, or online applications and facilitate co-use of NMR with other analytical methods. Besides the portable application, the spectrometer electronics chips with their cost/size economy can improve other NMR technologieswhether with permanent or superconducting magnet-such as multi-channel spectroscopy, phased-array imaging, microfluidic microscopy, and parallel, high-throughput spectroscopy.
does not require isolated reference peaks as in the reference deconvolution technique (21)-calibrates out the effect of the permanent magnet's field drift caused by environmental temperature fluctuations. This software-domain method, as an addition to the arsenal of various magnetic field fluctuation calibration techniques, may help reduce the need for physical thermal regulation that adds power consumption and extra hardware, the avoidance of which, if possible, is desired for portable applications. NMR Spectrometer Electronics Chips. The integrated spectrometer electronics chip consists of three main parts, an RF receiver, an RF transmitter, and an arbitrary pulse sequencer (Fig. 2) . The RF receiver amplifies the voltage signal across the coil induced by nuclear spin precessions using a front-end low-noise amplifier (SI Appendix, section S1), and down converts the amplified signal into two phase-sensitive audio-frequency signals using mixers driven by quadrature local oscillators. Spectral information is extracted by taking the Fourier transform of these audio-frequency signals. The overall receiver voltage gain is tunable from 34 to 100 dB.
Because the inherently weak spin precession signal is further reduced to ∼1 μV in our case due to the small sample and low magnetic field, maximizing receiver sensitivity-i.e., minimizing the degradation of the signal-to-noise ratio (SNR) by receiver noise-is a critical task. First, we minimize the input-referred noise of the receiver to a measured value of N r 2 = 0.82 2 (nV) 2 /Hz at 300 K ( Fig. 2B and SI Appendix, section S1), which translates to an effective noise resistance of R r = 40.6 Ω. However, this step alone, albeit crucial, is not sufficient, because the source noise N c 2 = 0.11 2 (nV) 2 /Hz inside the coil due to R c = 0.75 Ω is still far smaller than N r 2 and thus, the SNR would be greatly degraded by the dominant receiver noise. Hence our second step is to add an off-chip tuning capacitor C c in parallel to the coil so that L c and C c resonate at f 0 (Fig. 2) ; the resonator quality factor is still Q = 31.5, as the capacitor loss is negligible. Due to this resonance, the effective coil voltage (for both noise and signal) seen by the receiver at frequency f 0 is approximately Q times larger than the actual voltage inside the coil; thus the effective coil noise, Q 2 N c 2 , is ∼18 times larger than the receiver noise, N r 2 (or, the effective coil noise resistance Q 2 R c = 744 Ω is ∼18 times larger than R r = 40.6 Ω). Therefore, the receiver noise reduces the source SNR only by 5%, leading to a receiver noise figure-the ratio of SNR at the receiver input to that at the receiver output, (
R c -of only 0.23 dB. This fares well, if not better, with commercial spectrometer electronics (cf. Magritek Kea: preamp noise figure < 1.5 dB). This resonant noise figure reduction technique is widely used in traditional spectrometer electronics, but is made simpler and more effective in our case, as the coil and spectrometer electronics chip are not intervened by a transmission line (16, 17) .
The RF transmitter to excite nuclear spins and manipulate their motions consists of a multiphase generator and a power amplifier (Fig. 2 ). An RF excitation signal first goes through a multiphase generator (SI Appendix, section S1; also for its experimental demonstration, see Fig. 2A ), which is based on a time-delay line consisting of 32 equal delay segments. The total delay through the entire line is tightly regulated at one RF period, or a phase of 2π, where this regulation is accomplished by negative feedback set around the delay line. The output of the multiphase generator is an RF signal tapped off at one of the 32 nodes of the line; thus, the RF phase can be chosen among 32 values between 0 and 2π with a resolution of π/16. This RF signal with a particularly chosen phase subsequently drives the power amplifier (SI Appendix, section S1), which injects an RF power of 23.7 mW into the coil, sustaining an RF current amplitude of ∼251 mA in the coil. This produces an RF magnetic field amplitude of 9.4 G, corresponding to a π/2-pulse duration of 6.3-μs for protons ( 1 H). The input signal path to the power amplifier can be turned on and off to create an RF pulse and a delay, and the RF phase of the pulse has been already selected among the 32 values by the preceding multiphase generator. By such control of the power amplifier and multiphase generator, we produce a broad variety of pulse sequences. This control of the power amplifier and multiphase generator is coordinated by the arbitrary pulse sequencer ( Fig. 2 and SI Appendix, section S1), which consists of a digital signal processor and a 4,096-bit memory. The memory stores a set of digital codes that represent a specific pulse sequence, and can be refreshed through a standard serial peripheral interface. The sequencer runs with a 16-MHz clock with a time resolution of 62.5 ns, which is ∼100 times smaller than the π/2-pulse duration of 6.3-μs. The sequencer also controls the RF receiver, by activating it during a signal acquisition and by blanking it during an RF pulse transmission. In this way, the arbitrary pulse sequencer works as the control center that manages the entire operation of the spectrometer electronics chip. In summary, our spectrometer electronics chip can produce a variety of RF pulse sequences, enabling the broad palette of multidimensional NMR spectroscopy, which will be demonstrated in full shortly. Incidentally, for portable applications where temperature can vary, our chip is designed with temperature-compensated features so that it can operate from room temperature to over 165°C (SI Appendix (Fig. 2C) .
In this spectrometer electronics chip, we have focused on integrating the RF transceivers and arbitrary pulse sequencer that are the performance bottlenecks, and the RF frequency source (local oscillator) and analog-to-digital converter (ADC) are not integrated. An Agilent 81150A function generator is used as the RF source. Its measured phase noise for f 0 = 21.8 MHz is −116.7 dBc/Hz at 10-kHz offset, which translates to a phase diffusion coefficient (22, 23) 
6 RF oscillations. Thus, the phase noise has no appreciable impact at all on any of our experiments. An external ADC (LT1407A) with a 14-bit resolution was used with a 20-kHz sampling rate for all our spectroscopy experiments. As seen, because the performance criteria for the RF frequency source and ADC are not stringent, they can be integrated into the spectrometer electronics chip in the future development stage.
Multidimensional NMR Spectroscopy. Our system with the setup of Fig. 3A reproduces the well-known 1D 1 H NMR spectra of various small molecules (Fig. 3 B-H) . For example, chemical shifts of the OH, CH 2 , and CH 3 groups in ethanol (CH 3 CH 2 OH, 99.5%) and those of the residual HDO solvent, CH and CH 3 groups in L-alanine (C 3 H 7 NO 2 , 1.5 M dissolved in D 2 O) all manifest correctly from left to right. The ethanol and L-alanine spectra also correctly exhibit J-coupled peaks. For aspirin, L-serine, and D-(+)-glucose, some peaks within 0.13 ppm were not fully resolved, limited by the inhomogeneity of the permanent magnet used. Fig. 4B shows the J-resolved 2D 1 H spectra of ethanol and L-alanine. For ethanol (Fig. 4B, Left) , the J coupling between the CH 3 and CH 2 groups via three successive single bonds manifests as ∼7-Hz vertical peak splittings at each of the CH 3 interacting with the 1 H spin triplet of the CH 2 group exhibits three vertical peaks; the CH 2 group interacting with the quadruplet energy states of the 1 H spins of the CH 3 group show four vertical peaks. The J coupling between the CH 3 and CH groups in L-alanine also correctly yields ∼7-Hz splittings (Fig. 4B, Right) , and the two outermost vertical peaks of the CH group, which appear weak in the 1D spectrum (Fig. 3D) , fall below the threshold chosen for this 2D contour map. Another demonstration of 2D 1 H NMR is for the COSY spectra of ethanol and L-alanine (Fig. 4C) . The off-diagonal cross-peak multiplets unambiguously identify the above-discussed J couplings. These cross-peak multiplet patterns for both molecules agree with the theoretical predictions depicted around the top left corner of their respective 2D spectra-the red (black) filled circles signify positive (negative) absorption line shapes; empty circles represent no peaks-except obfuscation of certain peaks in the measured L-alanine data. This loss of some fine features is due to low signal-to-noise ratio, which can be improved by using a magnet with a higher field or by increasing sample volume, if the field is more homogenous.
We also perform two-channel heteronuclear ( 1 H/ 13 C) 2D NMR by operating two chips synchronously (Fig. 5A) 13 C channel consists of a second chip and a separate 13 C coil placed underneath the capillary. The orthogonal orientation of the two coils minimizes mutual interactions. Although one doubly tuned coil (24) can be used, we use the two coils for simplicity of their design. The 1D 1 H spectrum without activating the 13 C channel (Fig. 5B) shows two large peaks with a 140-Hz splitting originating from the 1 H- 13 C J coupling (the third smaller peak is from the OH group). HSQC and HMQC (Fig. 5 C and D) use both 13 C and 1 H channels for excitation and magnetization transfer, and only the 1 H channel is used for detection. In each of the resulting spectra, the two peaks separated by 140 Hz along the 1 H spectrum appear at the same 13 C chemical shift, unequivocally identifying the 13 C-1 H single-bond coupling. As the OH proton is uncoupled to a carbon, its signal vanishes in the 2D spectra. A four-phase cycling to select the particular coherence pathway uses ϕ 1 ∈{0,π,0,π}, ϕ 2 ∈{0,0,π,π}, and ϕ 3 ∈{0,π,π,0}. HSQC spectrum takes 17 min to obtain (168 scans including phase cycling with a single scan/wait time of 6 s). (D) HMQC spectrum. An eight-phase cycling to select the particular coherence pathway uses ϕ 1 ∈{0,π,0,π,0,π,0,π}, ϕ 2 ∈{0,0,π/2, π/2,π,π,3π/2,3π/2}, and ϕ 3 ∈{0,π,π,0,0,π,π,0}. HMQC spectrum takes 34 min to acquire (336 scans including phase cycling with a single scan/wait time of 6 s). For C and D, the 13 C π/2-pulse duration is obtained separately (Materials and Methods), and τ = 1/(4J C-H ).
(−1,200 ppm/K), the Larmor frequency exhibits appreciable temporal fluctuations, thus distorting NMR spectra. This effect is especially pronounced in long-term multiple-scan experiments, such as 2D spectroscopy (e.g., Larmor frequency fluctuates up to ∼800 Hz in the ethanol COSY experiment). In fact, these field fluctuations have been recognized as one significant obstacle toward portable NMR spectroscopy (11, 25) .
We devise a signal-processing method to calibrate out the fluctuation effect (SI Appendix, section S2). All 1D and 2D spectra in Figs. 3-5 are indeed the outcome of this method applied to raw data. Our method is distinct from the reference deconvolution (21) that extracts the fluctuation information by comparing measured and theoretical shapes of well-defined, isolated reference peaks from extra materials, such as tetramethylsilane or 13 C/ 2 H (26, 27). By contrast, instead of relying on known reference peaks from extra materials, our method statistically infers the fluctuation information from the very data from the analyte under test-via statistical distance and entropy minimization-treating the field fluctuation as a slow random process (SI Appendix, section S2). Although this method can be applied only when the field fluctuation is slow compared with a single scan time, it adds to the repertoire of existing calibration techniques, and worked effectively in all our spectroscopy experiments, as such slow fluctuation is not an impractical assumption; see Fig. 6 for an example calibration result (full details of our method and additional data are found in SI Appendix, section S2). Our method may be useful in on-demand/portable situations where using the reference materials/peaks as in the reference deconvolution is cumbersome or impractical.
It should be noted that a very well-stabilized magnet with physical thermal regulation would yield better spectra than the unregulated magnet with calibration techniques, and such thermal regulation is necessary when the SNR is too poor to apply calibration techniques. However, when calibration techniques are applicable, avoiding the thermal regulation-which requires extra hardware and increases the power consumption-but using such a software-domain calibration technique could be desirable, particularly for portable applications.
NMR Relaxometry. Because the arbitrary pulse sequence generator can readily produce a long sequence of a multitude of repeated RF pulses, our chip can also perform 1D and 2D relaxation experiments (28) , such as CPMG experiments to measure spinspin relaxation time, T 2 , in the presence of static field inhomogeneity. We demonstrate this in the context of petroleum exploration to understand the properties of the complex fluids in the earth formations (29) (30) (31) , for it is a significant venue for 1 H NMR relaxometry (32, 33) . Specifically, we use CPMG to measure T 2 of a medium-weight crude oil (from Texas; room temperature viscosity 25.5 cP) at room temperature and at 150°C that emulates the deep subsurface and demonstrates the high-temperature performance of the spectrometer electronics chip. This experiment uses a different solenoidal coil (axial length: 9 mm), a larger glass capillary (i.d.: 2.42 mm; sample volume: 41 μL), and a 0.3-T cylindrical SmCo magnet (diameter: 8 cm; height: 3.9 cm; weight: ∼0.9 kg; Metrolab). This magnet is capable of 150°C operation due to its high Curie temperature (∼800°C), and has a field inhomogeneity of ∼100 ppm over the sample volume. The entire setup is placed in a temperature-controlled chamber (Fig. 7A) . The power amplifier of our spectrometer electronics chip can drive this 50 times larger sample volume of 41 μL, transmitting a 37.6 mW of RF power into the coil. An RF current with an amplitude of 388 mA is sustained in the coil, with the corresponding π/2-pulse duration being 15 μs. The transmitter is further capable of transmitting up to 182 mW of RF power into the coil (SI Appendix, section S1).
The measured spin echoes (Fig. 7B ) exhibit an overall slower decay (longer T 2 ) at 150°C than at 25°C due to faster molecular motion at the higher temperature (30) . Semilog plots of the echo signal at both temperatures (Fig. 7C, Left) reveal a nonexponential decay, indicating the presence of multiple decay exponents. Laplace inversion of the decays yields broad T 2 spectra (Fig. 7C , Right, is an example at 25°C) corresponding to the broad distribution of molecular weights of hydrocarbons in the crude oil (31) , where lighter molecules exhibit more rapid thermal motions thus longer T 2 . This relaxometry with the spectrometer electronics chip can be used to characterize complex fluid composition at elevated temperatures.
Discussion
The combination of semiconductor technology and permanent magnet we have demonstrated for multidimensional NMR spectroscopy may help accelerate the advance of portable NMR spectroscopy. Such portable systems would enable the application of NMR spectroscopy to situations where large, expensive conventional NMR spectrometers cannot be installed, yet online or on-demand analysis is ideal or necessary. For example, portable systems can be used in an industrial production line to inspect the product quality (34) may also facilitate, and lower the cost of, multimodal analysis where NMR spectroscopy is combined with and complemented by other analytical methods such as liquid chromatography (12) , capillary electrophoresis (13), mass spectrometry, and Fourier transform infrared spectroscopy. The NMR sensitivity of these miniaturized systems can be further enhanced by techniques such as parahydrogen polarization transfer (36) .
Besides the portable applications with the overall system miniaturization, the spectrometer electronics chips alonewhether used with a permanent or superconducting magnetcan help improve various other NMR technologies. For instance, such spectrometer electronics chips can greatly simplify the setup and reduce the cost of multichannel experiments (as implied by our HSQC and HMQC experiments), such as multichannel acquisition spectroscopy (27) , phased-array applications (37, 38) , and multichannel microscopic flow monitoring (2) . Furthermore, a cluster of spectrometer electronics chips and microcoils (39) placed within a superconducting magnet bore may enable highly parallel NMR spectroscopy, countering the inherent slowness of individual NMR spectroscopy experiment and enabling the highthroughput paradigm for pharmaceutical screening (3), structural biology (5), and metabolomics/metabonomics (9) . In such a parallel experimental scheme with many silicon chips inside the magnet bore, because the materials of the silicon chips have nonzero magnetic susceptibility, their optimal placement with coils and compensation of their magnetic effects will be a critical problem to address to minimize their impact on the field homogeneity.
Materials and Methods
Fabrication and Packaging of the Spectrometer Electronics Chips. We design the chips in complementary metal-oxide-semiconductor (CMOS) 0.18-μm technology and have them fabricated by Taiwan Semiconductor Manufacturing Co. The chips are packaged in 48-pin ceramic leadless chip carriers.
Electrical Shimming of the NdFeB Magnet. Two printed circuit boards, each containing planar loop coils, are placed facing each other inside the NdFeB magnet. The coils are electronically controlled to produce correction field gradients. The coils are patterned in particular shapes (e.g., circular loop) (40) so that they can correct the field in six directions: x, y, xz, yz, z, and 2z 2 − (x 2 + y 2 ). The shimming yields 0.13-ppm FWHM in the 1D spectrum of water (Fig. 3B) .
Selection of the 13 C π/2-Pulse Duration (Fig. 5) . We determine the 13 C π/2-pulse duration by using a variation of the HMQC pulse sequence (Fig. 5D ) with t 1 = 0 and phase cycling of ϕ 1 ∈{0,π}, ϕ 2 ∈{π/2,π/2}, and ϕ 3 ∈{π,0}, and by maximizing the amplitude of the resulting 1 H signal.
Materials.
13
C-enriched methanol is from Cambridge Isotope. All other chemicals are from Sigma Aldrich.
